University of Cambridge (Received 22 May 1952) In previous papers of this series, experimental conditions have been described which will enable the following processes to be studied in washed suspensions of Staphylococcus aureus (Micrococcus pyogenes var. aureus): internal accumulation of free glutamic acid (Gale, 1947 a, b) , extracellular accumulation of peptides containing glutamic acid (Gale & Van Halteren, 1951) , accumulation of combined glutamic acid within the cells (Gale, 1951 b) and synthesis of protein and nucleic acid (Gale & Folkes, 1953) . Aureomycin and chloramphenicol inhibit the increase of cellular combined glutamate at lower concentrations than those necessary to prevent the accumulation of free glutamic acid within the cells, whereas sodium azide, 2:4-dinitrophenol and 8-hydroxyquinoline affect these processes to approximately the same extent (Gale & Paine, 1951) . Penicillin and bacitracin have no effect upon the accumulation of free or combined glutamic acid in washed suspensions of cells, but if either of these antibiotics is added to the growth medium an hour before harvesting, the resulting cells are unable to accumulate either free or combined glutamic acid (Gale & Taylor, 1947; Gale & Paine, 1951; Paine, 1951) . Hotchkiss (1950) has described a disorganization of protein synthesis by penicillin which results, under the conditions of his experiments, in extracellular accumulation of peptides when Staph. aureus is incubated with amino-acid mixtures. Mitchell & Moyle (1951) followed the nucleic acid content of Staph. aureus during normal growth and in the presence of penicillin. During the normal phase of accelerated growth they found that nucleic acid reproduced more rapidly than cell dry weight, suggesting that nucleic acid controlled the rate of cell synthesis. A disturbance of nucleic acid metabolism occurred in the presence of penicillin and was accompanied by an intracellular accumulation of extractable nucleotides. Krampitz & Werkman (1947) and Gros & Macheboeuf (1948a, b) have previously described inhibitions of nucleic acid metabolism in bacterial cells by high concentrations of penicillin, while Gros, Beljanski & Macheboeuf (1951) have found that penicillin inhibits the breakdown of guanosine by sensitive strains of Staph. aureus. Park & Johnson (1949) described the accumulation of labile phosphate compounds in Staph. aureus growing in the presence of penicillin, and Park (1952) identified three substances accumulating under these conditions; one of these is a derivative of uridine-5'-pyrophosphate and an N-acetylaminosugar, and the other two possess the same basic structure in combination with either L-alanine or a peptide containing L-lysine, Dglutamic acid and DL-alanine.
METHODS
The organism, growth medium, amino-acid and purinepyrimidine mixtures (A, P and P'), methods of estimation of free or combined glutamic acid, protein, nucleic acid, purine and pyrimidine bases and rates offermentation are the same as those described in the preceding paper (Gale & Folkes, 1953) .
Grouwth inhibition. Concentrations of antibiotics inhibitory to growth were determined by adding serial dilutions of the drugs to a fully nutrient medium containing 3 % tryptic digest of casein, 0-1% Marmite and 1% glucose. Tubes were inoculated with approx. 106 cells/10 ml. medium and growth inspected after 48 hr. incubation at 37°.
RESULTS
The action of a number of antibiotics and inhibitors has been tested on the following processes in washed suspensions of Staph. aureus Duncan: (1) fermentation in the presence of glucose; (2) accumulation of free glutamic acid within the cells when incubation takes place in the presence of glucose and glutamic acid, the latter being the only amino-acid present; (3) protein synthesis when glucose and the complete amino-acid mixture A are present; (4) protein and nucleic acid synthesis when the incubation mixture contains glucose and mixtures A and P or P'. In general, it has been found that, except in the case of penicillin, the degree of inhibition of protein synthesis is the same whether mixture P is present or not. 493 E. F. GALE AND J. P. FOLKES ()htoramphenicol. Fig. 1 nucleic acid synthesis are not inhibited by chloramphenicol except in very high concentrations. Chloramphenicol (30-100 ,ug./ml.) produces complete inhibition ofprotein synthesis and a significant increase in the rate of increase of nucleic acid (see also control synthesis is promoted by amino-acids or not. Table 1 shows that the increase in nucleic acid, which occurs in the presence of chloramphenicol and amino-acids, resides in the ribonucleic acid fraction since there is no increase in the thymine content. Aureomycin and terramycin. These antibiotics have inhibitory actions similar to those of chloramphenicol except that, at high concentrations, they inhibit the processes of fermentation, accumulation of free glutamic acid and synthesis of nucleic acid (Figs. 3 and 4, Table 2 ). Fig. 3 synthesis of nucleic acid has the same sensitivity as the accumulation of free glutamic acid. In general the actions of terramycin are very similar to those of aureomycin except that the former does not differentiate clearly between glucose fermentation and the processes of nucleic acid synthesis or glutamic acid accumulation.
Uncoupling agent8. In a previous paper of this series (Gale, 1951a) it was shown that the drugs, sodium azide and 2:4-dinitrophenol, known to act as uncoupling agents in mitochondrial preparations, inhibit free glutamic acid accumulation at concentrations significantly smaller than those required to inhibit respiration or fermentation. This was confirmed in the present studies, and it was found ( Table 2 ) that protein and nucleic acid syntheses had significantly the same sensitivity to both these drugs as glutamic acid accumulation. Streptomycin. Table 2 shows that none of the processes studied in these experiments is inhibited by concentrations of streptomycin of the order of those preventing growth. The synthesis of protein is more sensitive than either free glutamic acid accumulation or nucleic acid synthesis, but 1 mg. streptomycin/ml. produces less than 50 % inhibition of the rate of protein synthesis.
Polymyxin. Polymyxin in concentrations of 100,ug./ml. had no effect on any of the processes studied here in Staph. aureus. Bacitracin. Staph. aureus Duncan is unable to grow if 50-100 /cg. bacitracin/ml. are added to the growth medium; concentrations of this order have little effect upon either protein or nucleic acid synthesis by washed cells, whereas concentrations of 2-10 mg. bacitracin/ml. have marked inhibitory actions on both protein and nucleic acid synthesis (Fig. 5) , the two processes having significantly the same sensitivity to the antibiotic. Penicillin. Ithasnotbeen possible to demonstrate, in previous experiments of this series, any action of penicillin even in high concentrations (300 international units/ml.) on the accumulation of free or combined glutamic acid by washed suspensions of Staph. aureus Duncan. In view of the reports by Krampitz & Werkman (1947) , Gros & Macheboeuf (1948a, b) , Gros et al. (1951) and Mitchell & Moyle (1951) , it seemed desirable to re-investigate the effects on protein synthesis, especially when such synthesis took place in the presence of added purines and pyrimidines. The results are summarized in Fig. 6 : penicillin has little or no effect on the synthesis of protein by washed cells when the incubation mixture is devoid of purines and pyrimidines but, in high concentrations, abolishes the additional synthesis promoted by the addition of mixture P. The additional nucleic acid synthesis taking place on the addition of mixture P is also decreased by the presence of penicillin, but it can be seen that a concentration of penicillin which completely abolishes the additional protein formation,
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Vol. 53 ACTIONS OF does no more than halve the rate of additional nucleic acid synthesis. If there is a metabolic connexion between the additional nucleic acid formation and the additional protein synthesis on the inclusion ofmixture P in the incubation mixture, it might be that the material formed in the presence of P and penicillin (and which is measured simply as the 260 m/.-absorbing material in the nucleic acid fraction) is not normal nucleic acid. However, it is clear from Table 1 that there has been no gross alteration in the relative proportions of the purine and pyrimidine bases, within experimental error, in the nucleic acid fraction.
DISCUSSION
The effects of amino-acid and purine-pyrimidine mixtures on increases in the protein and nucleic acid contents of cells clearly suggest a metabolic connexion between the synthesis of protein and nucleic acid (Gale & Folkes, 1953) . There is little or no increase in the nucleic acid of the cells unless aminoacids are present in the incubation mixture; if an amino-acid mixture which promotes net protein synthesis is present, then a rapid increase in nucleic acid occurs; single amino-acids or simple mixtures thereof have smaller effects which might be correlated with their ability to promote protein turnover within the cell or otherwise 'spare' protein catabolism. Conversely, the presence of nucleic acid precursors accelerates the synthesis not only of nucleic acid but also ofprotein, while the addition of penicillin decreases the synthesis ofnucleic acid and abolishes the purine-stimulated protein formation. These findings accord well with the various theories that have been put forward during recent years concerning a role of nucleic acid in protein synthesis (reviewed by Chantrenne, 1952) . If nucleic acid acts as an organizer or template for protein synthesis, then increased nucleic acid will mean increased protein synthesis, and the reverse relationship may also hold (Caldwell & Hinshelwood, 1950) .
There are many indications in the literature that penicillin plays some interfering part in nucleic acid metabolism (Krampitz & Werkman, 1947; Gros & Macheboeuf, 1948a, b; Hotchkiss, 1949; Mitchell & Moyle, 1951; Gros etal. 1951; Park, 1952; Hotchkiss, 1952) ; this might result in an inhibition of nucleic acid synthesis as a whole or of some anabolic process which would lead to formation of an altered nucleic acid. The transformation of sensitive organisms to resistant ones (Hotchkiss, 1952) and the continued formation of adaptive penicilinase after removal of the substrate (Pollock, 1950) would suggest the latter mode of action. No gross changes in the base composition of the nucleic acid formed in the presence of penicillin could be shown in these studies ( of Caldwell & Hinshelwood (1950) suchactionmightwellbeaccompanied by a stimulation of nucleic acid synthesis.
The uncoupling agents, sodium azide and 2:4-dinitrophenol, inhibit the accumulation of free glutamic acid and the syntheses of protein and nucleic acid at concentrations significantly less than those which inhibit fermentation; this differential action may be due to coupled phosphorylations being involved in the more sensitive reactions. Loomis (1950) found that aureomycin at concentrations of 100 ug./ml. will uncouple oxidative phosphorylation in mitochondrial preparations but that such concentrations are toxic to guinea pigs. Similar concentrations inhibit the accumulation of free glutamic acid by Staph. aureus while having little effect on glucose fermentation (see Fig. 3 ), but protein synthesis is very much more sensitive than either of these processes. Loomis (1950) found that chloramphenicol was not effective as an uncoupling agent in mitochondrial preparations, and it does not effect a differential inhibition of glucose fermentation and glutamic acid accumulation in these studies (Fig. 1) .
The results obtained with penicillin in these experiments have been obtained with high concentrations, and it is difficult to interpret the significance of inhibitions produced by concentrations of drug several orders higher than those required to prevent growth of normal inocula. It is possible that inhibition of growth is caused by inhibition of the synthesis of a specific protein or nucleic acid whereas much higher concentrations of the antibiotic are required to inhibit the total protein and nucleic acid syntheses which have been studied here. Gros etal. (1951) find that the breakdown ofguanylic acid by Staph. aureus is inhibited by penicillin but that, whereas 2000-3000 units/ml. are required to inhibit the reaction in washed suspensions, the addition of 3-10 units/ml. to the growth medium 1 hr. before harvesting gives rise to cells whose ability to attack guanylic acid is 10% of that of untreated control celLs. They suggest that peni-32 I I953 cillin penetrates the growing cell more readily than the 'washed resting' cell. It would, however, seem equally possible that the loss of ability to oxidize guanylic acid following growth in the presence of penicillin is a secondary effect following some primary disorganization, an explanation put forward to explain the somewhat similar results obtained for the effect of penicillin on glutamnic acid accumulation (Gale & Rodwell, 1949) .
Such difficulties of interpretation do not arise in the cases of chloramphenicol, aureomycin and terramycin where the limiting concentration affecting protein synthesis is the same as that affecting growth. SUMMARY 1. Chloramphenicol, aureomycin and terramycin inhibit protein synthesis by washed suspensions of Staphylococcus aureus, at bactericidal concentrations. Such concentrations simultaneously stimulate nucleic acid synthesis.
2. Bacitracin inhibits protein and nucleic acid synthesis to the same extent. Complete inhibition requires a concentration of bacitracin 100 times that which prevents growth.
3. Penicillin in high concentrations prevents the acceleration of protein synthesis produced by the addition of purines and pyrimidines to the incubation mixture containing amino-acids and glucose.
